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In Brief
Sleep is an essential biological function found in almost all animals. However, the neural circuits that control sleep remain poorly understood. Sitaraman et al. used Drosophila flies as a model system to identify parallel segregated sleeppromoting and sleep-suppressing brain circuits that control the rebound recovery sleep that occurs after sleep deprivation.
SUMMARY
The Drosophila mushroom body (MB) is a key associative memory center that has also been implicated in the control of sleep. However, the identity of MB neurons underlying homeostatic sleep regulation, as well as the types of sleep signals generated by specific classes of MB neurons, has remained poorly understood. We recently identified two MB output neuron (MBON) classes whose axons convey sleep control signals from the MB to converge in the same downstream target region: a cholinergic sleeppromoting MBON class and a glutamatergic wakepromoting MBON class. Here, we deploy a combination of neurogenetic, behavioral, and physiological approaches to identify and mechanistically dissect sleep-controlling circuits of the MB. Our studies reveal the existence of two segregated excitatory synaptic microcircuits that propagate homeostatic sleep information from different populations of intrinsic MB ''Kenyon cells'' (KCs) to specific sleep-regulating MBONs: sleep-promoting KCs increase sleep by preferentially activating the cholinergic MBONs, while wake-promoting KCs decrease sleep by preferentially activating the glutamatergic MBONs. Importantly, activity of the sleep-promoting MB microcircuit is increased by sleep deprivation and is necessary for homeostatic rebound sleep (i.e., the increased sleep that occurs after, and in compensation for, sleep lost during deprivation). These studies reveal for the first time specific functional connections between subsets of KCs and particular MBONs and establish the identity of synaptic microcircuits underlying transmission of homeostatic sleep signals in the MB.
INTRODUCTION
The Drosophila MB is an associative memory network of evolutionary origin likely conserved with mammalian cerebral cortex that has also been implicated in the control of sleep [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Fly sleep exhibits all of the key features of vertebrate sleep, including circadian regulation and homeostatic rebound and can be operationally identified as periods of locomotor quiescence lasting 5 min or longer [13, 14] . The MB contains 2,000 Kenyon cells (KCs) divided into seven anatomical classes based on the specific projections of their axons into the a/b, a 0 /b 0 , or g lobes ( Figure 1A ) [15] . KCs receive synaptic inputs from sensory systems and in turn synapse convergently onto 34 MBONs of 21 cell types, whose dendrites contiguously tile the MB lobes, defining 15 non-overlapping compartments [15, 16] . MBON cell types are uniquely named by their stereotyped arborizations in these compartments, numbered consecutively within each lobe starting from the intersection of the horizontal and vertical lobes [16] . Interestingly, the dendrites of some MBONs extend into two neighboring compartments residing in different lobes, thus providing a potential mechanism for convergence of multiple KC classes onto a common MBON class [16] . Because of the lack of tools enabling specific genetic targeting of each of these individual KC and MBON cell types for functional manipulation and imaging, it has remained poorly understood which particular MB cell types are involved in controlling sleep, in which MB cell types homeostatic sleep signals are generated, and whether and how they are assembled into sleep-controlling circuits.
To comprehensively identify the KCs and MBONs that control sleep, we performed a neuronal activation screen using a new library of intersectional ''split-GAL4'' fly lines, each of which drives expression of an effector transgene under the control of the upstream activating sequence (UAS) to defined MB cell classes [16] [17] [18] [19] . We recently reported the results of an initial thermogenetic activation screen of the subset of this library that targets MBONs, which revealed several classes of sleep-controlling MBONs with dendrites in distinct lobe compartments, including two whose axons converge in the same downstream target region: cholinergic sleep-promoting MBON-g2a 0 1 and glutamatergic wake-promoting MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral [16, 19] . Here, we report the extension of this thermogenetic activation screen to each of the KC cell types, revealing that a 0 /b 0 and g main (gm) KCs are wake-promoting and g dorsal (gd) KCs are sleep-promoting.
We then used behavioral genetic and physiological techniques to identify synaptic microcircuits connecting these sleep-controlling KC classes to the previously identified sleep-controlling MBONs. We determined that wake-promoting a 0 /b 0 and gm KCs preferentially excite wake-promoting MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral, and sleep-promoting gd KCs preferentially excite sleep-promoting MBON-g2a 0 1. To identify a potential role for these microcircuits in the generation and/or propagation of homeostatic sleep signals, we used optical imaging of a genetically encoded fluorescent voltage indicator to determine that sleep deprivation increases spontaneous electrical activity in the sleep-promoting gd KCs and MBON-g2a 0 1 while inhibiting it in wake-promoting a 0 /b 0 KCs and MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral. Importantly, acute thermogenetic silencing of the synaptic outputs of sleep-promoting MBON-g2a 0 1 severely attenuates homeostatic rebound sleep occurring in response to sleep deprivation, establishing the essential role played by the sleep-promoting synaptic microcircuit in homeostatic sleep regulation. Taken together, these studies reveal for the first time the necessary and sufficient cellular and synaptic mechanisms underlying transmission of homeostatic sleep signals by microcircuits of the Drosophila MB. Our studies also reveal for the first time a role for functionally segregated synaptic connectivity between particular KC classes and MBONs in the control of behavior, an issue of great general importance given the diversity of neurobehavioral contexts in which the MB plays a central role.
RESULTS

Control of Sleep by KCs
To determine how intrinsic signals are generated in the MB to set the activity of the previously identified sleep-controlling MBONs, we screened split-GAL4 lines targeting KCs [16] in male and female flies ( Figures 1B, 1C , and S1A). Each of these split-GAL4 lines (or a negative control ''empty'' split-GAL4 line, pBDPGAL4U, lacking active genomic enhancer sequences) was crossed to a UAS-dTRPA1 line to drive expression of the temperature-gated depolarizing cation channel dTRPA1 [20] . Baseline sleep-wake cycles at 21.5 C and the effects of dTRPA1-mediated neuronal activation induced by a shift to 28.5 C were measured using the automated infrared beambreak locomotor assay that is the widely accepted standard in the field (Trikinetics) [21, 22] . Change in sleep is defined as the difference in sleep amount between the first 24 hr at 28.5 C and the baseline 24 hr of sleep at 21.5 C, divided by the baseline sleep amount. Transient activation of a 0 /b 0 KCs strongly decreased sleep (i.e., increased wake) ( Figures 1B, 1C, 2A , and 2B), consistent with a recent report that a GABAergic interneuron, MB-APL, promotes sleep by inhibiting a 0 /b 0 KCs [7] . Activation of gd KCs increased sleep, while activation of gm KCs decreased sleep ( Figures 1B, 1C, 2C , and 2D). Interestingly, however, simultaneous activation of gd and gm KCs had no effect on sleep ( Figures 1B and 1C MB010B  MB004B  MB107B  MB417B  MB427C  MB007B  MB009B  MB131B  MB607B  MB355B  MB419B  MB108B  MB464B  MB186B  MB370B  MB154B  MB005B  MB461B  MB463B  MB418B  MB008B  MB371B  MB185B  MB477B  MB149B  MB129B Figure S1 , Tables S1 and S2, and Movies S1 and S2. flies, only MB607B significantly increases sleep in male flies. This is consistent with the greater strength of MB607B as reflected in fluorescence intensity when used to drive GFP expression [16] and the fact that male flies sleep substantially more than females at baseline, making increases in sleep more difficult to detect in males than in females. In contrast to a 0 /b 0 and g KCs, activation of a/b KCs, either all together or in subsets, had no effect on sleep ( Figures 1B and 1C) . This is in contrast to the previous suggestion of a role for a/b KCs in regulating sleep [3] and is perhaps explained by differences between the traditional GAL4 driver used there and the split-GAL4 drivers used here. Simultaneous activation of combinations of KCs encompassing both the sleep-promoting and wake-promoting classes had no net effect on sleep, suggesting that counterbalancing influences on downstream targets ( Figures 1B and 1C) . To distinguish specific sleep effects from possible confounding locomotor deficits, we also quantified locomotor activity when flies are awake. Activation of sleep-promoting KCs did not suppress locomotor activity while awake, nor did activation of wake-promoting KCs increase locomotor activity while awake, ruling out non-specific locomotor effects that could be misconstrued as changes in sleep (Figure S1B) . Furthermore, as expected for neurons that regulate sleep and not just locomotor activity, transient activation of a 0 / b 0 KCs to suppress sleep for a single night results in homeostatic rebound sleep the subsequent day ( Figures 2E-2G ). Detailed sleep parameters for all lines tested are presented in Table S1 and screening results reanalyzed using the aggregate of all lines as a reference control for each individual line are presented in Table S2 . These results reveal the identities of distinct classes of sleep-promoting and wake-promoting KCs.
Synaptic Microcircuits Connecting KCs with MBONs
To address how the sleep control signals from KCs propagate to downstream sleep control centers outside the MB, we next turned our attention to the connections between KCs and MBONs. We recently reported that transient activation of cholinergic MBON-g2a 0 1, whose dendrites arborize in the g2 and a 0 1 compartments ( Figure 2H ) [16] , increases sleep in female flies [19] . Conversely, activation of the glutamatergic MBONg4 > g1g2 or a cluster of MBONs whose dendrites arborize in the g5 and/or b 0 2 compartments decreases sleep in female flies [19] . Dendrites of MBON-g4 > g1g2 arborize in the g4 compartment and project their axons to the g1 and g2 compartments ( Figure 2H ) [16] . Three MBON cell types arborize dendrites in the g5 and/or b 0 2 compartments: one with dendrites in both g5 and b 0 2 (MBON-g5b 0 2a, also known as MB-M6) and two with dendrites solely in b 0 2 (MBON-b 0 2mp, also known as MB-M4, and MBON-b 0 2mp-bilateral) [16] . Because the available split-GAL4 lines used to target these MBONs are active in all three cell types, we cannot functionally distinguish between them and will refer to them collectively as MBON-g5b
The axon terminals of wake-promoting MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral and sleep-promoting MBON-g2a 0 1 converge in the same target regions outside the MB in the superior medial protocerebrum (SMP) and crepine (CRE) [16] .
We repeated the MBON transient activation screen in male flies and found that, as in females, glutamatergic MBONg5b 0 2a/b 0 2mp/b 0 2mp_bilateral and MBON-g4 > g1g2 are wake-promoting, and cholinergic MBON-g2a 0 1 is sleep-promoting (Figures 2I, 2J, and S2A). Importantly, our previous extensive analysis using video monitoring of flies in an open arena rules out primary locomotor effects of MBON activation with dTRPA1 [19] . Specifically, acute optogenetic activation of MBON-g5b 0 2a/ b 0 2mp/b 0 2mp_bilateral or MBON-g2a 0 1 had no effect on walking speed, and acute thermogenetic activation of MBON-g5b 0 2a/ b 0 2mp/b 0 2mp_bilateral or MBON-g2a 0 1 had no effect on the fraction of time spent performing any of more than one dozen distinct behaviors detected and quantified using automated computer vision algorithms [19] . As with the KCs, assessment of activity while awake also rules out non-specific locomotor effects ( Figure S3 ). In addition, dTRPA1-mediated activation of MBON-g2a 0 1 or gd KCs does not prevent arousal in a vial tapping assay (see [7] ); rather, as expected for activation of sleeppromoting neurons, arousal threshold appears greater, arousal response is attenuated, and return to locomotor quiescence is accelerated (Movies S1 and S2). Representative images of the expression patterns of sleep-regulating KCs and MBONs are shown in Figure 2K . As an additional independent genetic control for the split-GAL4 screening results, we compared each KC and MBON split-GAL4/UAS-dTRPA1 screen hit to each split-GAL4/+ negative control genotype that possesses the two split-GAL4 driver transgenes but lacks the UAS-dTRPA1 effector transgene ( Figure S2B 31.5 C, consistent with known intrinsic effects of elevated temperature on nighttime sleep (see, e.g., [26] . As expected from our split-GAL4 screen results ( Figures 1B and 1C sleep ( Figures 3B-3D ). Silencing synaptic outputs of MBONg2a 0 1 or MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral had no effect on nighttime sleep on its own ( Figure 3B ). However, silencing wake-promoting MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral completely blocked the decrease in sleep induced by activation of a 0 /b 0 KCs, but silencing synaptic outputs of sleep-promoting MBON-g2a 0 1 had no effect ( Figures 3B and 3C) . Again, measurement of activity while awake rules out non-specific locomotor effects ( Figure S4A ). As expected for manipulation of homeostatic sleep-regulating circuits, sleep suppression induced by combined thermogenetic activation/silencing induces subsequent homeostatic rebound sleep ( Figure 3E 0 1 establishes the underlying physiological mechanism for functional segregation of the wake-promoting microcircuit defined by the simultaneous activation-silencing experiments described above ( Figures 3B and 3C) .
We next employed the same strategies to probe connectivity between gd and gm KCs and MBONs ( Figure 4A) . Because of the lack of available LexA driver lines specific for either gd or gm KCs, we used the R14H06-LexA line that is active in gd, gm, and a/b KCs, but not in a 0 /b 0 KCs [30] . Simultaneous activation of gd, gm, and a/b KCs induced a net decrease in sleep in male flies ( Figures 4B-4D ), which could potentially be explained by a stronger influence of wake-promoting gm KCs than sleeppromoting gd KCs given possible relative dTRPA1 expression levels driven by this particular LexA driver line. When activated alone, a/b KCs did not affect sleep ( Figures 1A and S4C ). While synaptic silencing of wake-promoting MBON-g5b 0 2a/b 0 2mp/ b 0 2mp_bilateral suppressed the wake-promoting effect of simultaneous activation of gd, gm, and a/b KCs, synaptic silencing of sleep-promoting MBON-g2a 0 1 increased it ( Figures 4B and 4C ). Furthermore, as expected for manipulation of homeostatic sleep-regulating circuits, sleep suppression induced by combined thermogenetic activation/silencing induces subsequent homeostatic rebound sleep ( Figure 4E ). We also tested female flies, which sleep less than males, and thus provide additional head room to detect increases in sleep. Simultaneous activation of gd, gm, and a/b KCs while silencing wake-promoting MBON- (legend continued on next page) this hypothesis, we compared the electrical activity of sleepcontrolling KCs and MBONs in sleep-deprived and sleep-replete conditions, using a standard method for intermittent mechanical perturbation of sleep (see the Experimental Procedures). For direct optical measurement of neuronal electrical activity we genetically targeted expression of the ''ArcLight'' genetically encoded fluorescent voltage indicator [32, 33] using MB split-GAL4 drivers. We measured electrical activity in sleep-regulating MB neurons in fly brain explants acutely dissected from flies immediately following 12 hr of sleep deprivation during the night (or non-deprived flies collected at the same time of day), as acute dissection is much faster than preparation of the fly for tethered in vivo measurements, and previous studies establish that phase-dependent network state and spontaneous activity of circadian clock neurons is maintained in this acute explant preparation [32, [34] [35] [36] . These optical electrophysiology measurements revealed significantly greater membrane electrical activity of sleep-promoting MBON-g2a 0 1 dendrites in the brains of sleep-deprived flies than in those that are sleep replete, measured at the same time of day ( Figures 5A-5D ). In contrast, electrical activity in wake-promoting MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral dendrites was decreased following sleep deprivation (Figures 5E-5H ). To determine whether these changes in MBON spontaneous electrical activity induced by sleep deprivation are intrinsic to the MBONs or, rather, are due to altered activity in the presynaptic KCs, we imaged electrical activity in the KCs themselves. Sleep deprivation increased the spontaneous activity of sleep-promoting gd KCs (Figures 5I-5L ) and decreased the spontaneous activity of wake-promoting a 0 /b 0 KCs ( Figures 5M-5P ), but had no effect on wake-promoting gm KCs (Figures 5Q-5T ). The specificity of these opposite effects of sleep deprivation on the sleep-promoting and wakepromoting MBONs and KCs excludes general non-specific alteration of neural activity by sleep deprivation and suggests that their relative activity levels could encode sleep need. These results establish for the first time that the MB sleep control microcircuits not only are engaged by exogenous activation, but also are modulated by sleep deprivation, with the encoding (although not necessarily the generation) of sleep need originating in KCs and propagating to MBONs. These optical electrophysiology experiments are consistent with altered spontaneous neural activity in the sleep-regulating MB microcircuits encoding homeostatic sleep need in response to sleep deprivation. Further evidence in support of this hypothesis is provided by our observation that synaptic silencing of MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral significantly suppressed the wake-promoting effect of the drug carbamazepine (CBZ) (Figures 6A-6C ). CBZ suppresses fly sleep at least in part by decreasing GABAergic tone [37] , although CBZ may also have other unidentified targets. Under normal conditions, GABAergic pathways might regulate sleep in part by inhibiting the MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral wake-promoting microcircuit; for example, it has recently been shown that dorsal paired medial neurons increase sleep by GABAergic inhibition of wake-promoting a 0 /b 0 KCs [7] . We also examined whether synaptic silencing of sleep-promoting MBON-g2a 0 1 suppresses homeostatic rebound sleep induced by sleep deprivation. Consistent with an essential role in physiological control of sleep, synaptic silencing of MBONg2a 0 1 mediated by Shibire ts1 targeted using either of two independent split-GAL4 lines severely reduced the homeostatic rebound sleep that occurs during the day after a night of sleep deprivation in male flies (Figures 6D-6F ). This effect is specific to Shibire ts1 -mediated silencing and not a non-specific effect of elevated temperature, as control flies lacking Shibire ts1 expression or expressing Shibire ts1 in a GABAergic MBON that does not influence sleep regain a substantial fraction of the sleep lost ( Figures 6D-6F) . Importantly, assessment of activity while awake rules out non-specific locomotor effects ( Figure S5 ). Similar results were obtained with female flies (Figures S6A-S6C ). Interestingly, dTRPA1-mediated activation of MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral suppresses homeostatic rebound sleep (Figures S6D-S6F ). To assess whether the necessary homeostatic sleep signal propagates to MBON-g2a 0 1 from gd KCs-as is suggested by the physiological data of Figure 5 we silenced gd KCs after sleep deprivation and found a similar suppression homeostatic rebound sleep (Figures 6G-6I) . In control experiments, we confirmed the absence of any effects of Shibire ts1 on rebound sleep in the absence of a temperature shift ( Figures S6G-S6I ) and no or minimal effects of Shibire ts1 -mediated synaptic silencing on basal daytime sleep in the absence of mechanical sleep deprivation ( Figures S6J and  S6K) . Interestingly, even after termination of Shibire ts1 -mediated silencing of gd KCs or MBON-g2a 0 1, lost rebound sleep was not recovered (Figures 6E and 6H ). This suggests the possibility that activation of the sleep-promoting microcircuit eventually discharges homeostatic sleep debt even when its synaptic outputs are silenced, which prevents actual recovery of lost sleep.
Propagation of Homeostatic Sleep Signals through MB Microcircuits
DISCUSSION
We have used a combination of sophisticated cell-specific genetic manipulations with behavioral sleep analysis and optical electrophysiology to provide an unprecedented level of detailed understanding of the propagation of homeostatic sleep signals through microcircuits of the Drosophila MB. Specifically, we have identified two parallel segregated compartment-specific microcircuits that regulate sleep: a wake-promoting microcircuit that originates in a 0 /b 0 and gm KCs and converges onto MBON-g5b 0 2a/b 0 2mp/b 0 2mp_bilateral and a sleep-promoting microcircuit that originates in gd KCs and converges onto MBON-g2a 0 1 (Figures 1, 2, 3 ,and 4). Importantly, we have shown not only that exogenous activation of these microcircuits is sufficient to regulate sleep, but also that physiological manipulation of sleep need by sleep deprivation alters their endogenous neural activity ( to downstream targets outside the MB is essential for the generation of homeostatic rebound sleep ( Figure 6 ). Previous studies using broadly expressed traditional GAL4 drivers have implicated the MB in the control of sleep [3, 4, 6, [8] [9] [10] [11] [12] , but due to lack of appropriate cell-specific drivers, were unable to resolve specific sleep-regulating MB cell types, although very recent studies have specifically implicated a 0 /b 0 KCs and MB-MV1/PPL1 dopaminergic MB neurons in regulating sleep [7, 38] . Moreover, previous studies have not established a role for the MB in the generation and/or propagation of homeostatic sleep signals necessary for rebound following sleep deprivation. While a mutation of the amnesiac gene, which is expressed in a pair of neurons innervating the MB lobes, was shown to impair homeostatic sleep rebound [39] , rebound was not found to be strongly affected by very broad synaptic inactivation of the MB KCs that comprise the lobes [4] . In this report, we have established a comprehensive catalog of the KCs and MBONs that control sleep, making use of a novel library of split-GAL4 lines targeting each of the cell types of the MB. Combining sophisticated behavioral genetic and optical electrophysiology approaches has allowed us to determine the roles of specific MB cell types in encoding homeostatic sleep signals under physiological conditions. We then identified specific synaptic microcircuits linking sleep-controlling KCs to sleepcontrolling MBONs, revealing the synaptic mechanisms underlying the propagation of homeostatic sleep signals through the MB associative network. Based on these results, we propose a detailed mechanistic model for homeostatic control of sleep by excitatory microcircuits in the Drosophila MB ( Figure 6J) [16, 40] . Intriguingly, dendrites of some CX neurons-a brain region involved in locomotor control [41] and implicated in sleep and sleep homeostasis [42] [43] [44] [45] -arborize in SMP and CRE. We thus speculate that segregated homeostatic sleep-promoting and wake-promoting signals are generated in the KC-to-MBON microcircuits of the MB and propagate to the CX, where they are integrated to ultimately control sleep. Future studies are needed to further refine our understanding of the neurochemistry and physiology of the MB sleep control microcircuits, explore the mechanisms by which sleep deprivation alters microcircuit activity, and elucidate the connections between the MB and its downstream sleep control targets. In light of the relationship between sleep, learning, and synaptic homeostasis (see, e.g., [42, 46] ) and our recent discovery that sleep-regulating MBONg5b 0 2a/b 0 2mp/b 0 2mp_bilateral and MBON-g2a 0 1 are also important for some forms of associative learning [19] , it will be of great interest to determine how activity of the sleep-controlling MB synaptic microcircuits influences memory formation and consolidation.
EXPERIMENTAL PROCEDURES
Additional details concerning all experimental procedures are found in the Supplemental Experiment Procedures.
Molecular and Genetic Methods/Fly Stocks
LexA lines used in the experiments-R35B12-LexA, R14H06-LexA, and R44E04-LexA-are described in [23, 30] . Detailed genotype information of split-GAL4 strains-including p65ADZp-ZpGAL4DBD combinations-is as described [16] . p65ADZp split-half transgenes were inserted at attP40 or VK00027 while ZpGAL4DBD split-half transgenes were inserted at attP2. Split-GAL4 lines with the terminal letter ''B,'' such as MB077B, contain p65ADZp in attP40 and ZpGAL4DBD in attP2, while ''C'' lines, such as MB112C, contain the p65ADZp in VK00027 and ZpGAL4DBD in attP2, recombined on the third chromosome. We chose particular split-GAL4 lines as internal controls for particular experiments subsequent to the initial screen based on (1) showing no detectable sleep phenotype in the screen, (2) having the two split-half transgenes inserted in the same attP sites as the experimental groups in that experiment, and (3) being active in a different MB cell type than the experimental groups in that experiment, specifically a cell type in which no split-GAL4 lines active in that cell type induced sleep phenotypes.
Sleep Assays
Total 24 hr sleep quantity (daytime plus nighttime sleep) was extracted from DAM system locomotor activity data as described [47] : sleep is defined as a contiguous period of inactivity lasting 5 min or more [13, 14] . For all screen hits, waking activity was calculated as the number of beam crossings/min when the fly was awake.
Carbamazepine Feeding CBZ was dissolved in 45% (2-hydroxypropyl)-beta-cyclodextrin (Sigma) as described in [37] to prepare a stock solution. For CBZ experiments, flies were loaded in tubes containing 2% agarose and 5% sucrose with 0.1 mg/ml CBZ.
Sleep Deprivation
Flies were sleep deprived by the intermittent mechanical perturbation method for 12 hr at night while housed in TriKinetics DAM monitors. Flies received mechanical perturbations on a horizontal shaker with a total duty cycle of 15 s/min, delivered in eight pulses of 1-3 s each occurring intermittently at random times. Sleep lost during deprivation and regained afterward was calculated as described [48] . Sleep loss was calculated by subtracting the amount of sleep occurring during each thirty minute period of sleep deprivation from the amount of sleep occurring during the corresponding period of the previous unperturbed day:night cycle. Sleep rebound was calculated by subtracting the amount of sleep occurring during each 30-min period following mechanical deprivation from the amount of sleep occurring during the corresponding period of the previous unperturbed day:night cycle.
Stimulation of KCs by ATP/P2X2 and Simultaneous GCaMP6m
Imaging of MBONs LexAop2-dsRed in attp18 (X); LexAop2-P2X2 in su(Hw)attp5(II); UASGCaMP6m in VK0005(III) flies were generated using standard molecular and genetic methods, with the original transgenes as described [18, 28, 29, 49] . These flies were crossed to flies bearing appropriate LexA and split-GAL4 driver transgenes.
ArcLight Optical Electrophysiology
ArcLight imaging of spontaneous neural activity in fly brain explants was performed as previously described [32] . Fly brains were acutely dissected from flies after 12 hr of sleep deprivation at night or from non-deprived flies at the same time of day and imaged within 5 min of dissection.
Immunohistochemistry
Dissection and immunohistochemistry of fly brains were performed as previously described with minor modifications [30] .
Tap-Response Arousal Assay
We probed the quiescence induced by activation of sleep promoting neuron by dTRPA1 by tapping vials housing flies as previously described [7] . Genotypes were hidden with tape, and recordings were thus carried out blind to which vial contained experimental and which contained control flies.
SUPPLEMENTAL INFORMATION
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